Aims/hypothesis Both leptin and insulin sensitivity have been linked with pathophysiological processes involving the central nervous system in general, and the hippocampus in particular, but the role of leptin in hippocampal neurogenesis has not yet been elucidated. Also, no previous studies have evaluated whether amylin or the endogenous insulin sensitiser adiponectin interact with leptin to alter hippocampal neurogenesis in mouse hippocampal neuronal (HN) cells or investigated the role of leptin, amylin or adiponectin signalling in mouse HN cells. Methods Hippocampal neurogenesis and leptin, amylin and adiponectin signalling were studied in vitro using mouse H19-7 HN cell lines. Results Amylin decreased cell proliferation in a dosedependent manner. This effect was diminished by leptin administration and was dependent on signal transducer and activator of transcription 3 (STAT3)/AMP-activated protein kinase (AMPK)/extracellular signal-regulated kinase (ERK). Adiponectin effects were null. We also observed, using immunocytochemical analysis, that amylin decreased activation of microtubule-associated protein 2, a specific neurite outgrowth marker, and synapsin, a specific synaptogenesis marker. By contrast, both effects were attenuated by co-administration of leptin. Finally, we observed that these effects were blocked by pre-treatment with AG490, a STAT3 inhibitor, and STAT3 small interfering RNA administration. Conclusions/interpretation Our data suggest that amylin in pharmacological concentrations may have a neurotoxic effect whereas leptin in physiological and pharmacological concentrations has a protective effect counteracting amylindecreased hippocampal neurogenesis via STAT3/AMPK/ ERK signalling in mouse H19-7 HN cell lines. Overall, our data support a novel role for leptin and amylin in the processes of mouse hippocampal neurogenesis and provide new insights into the mechanisms of neurogenic regulation.
Introduction
Leptin is an adipocyte-secreted hormone that plays a major role in energy homeostasis and weight balance [1] . Leptin activates not only central nervous system (CNS) networks that suppress appetite [1] but also acts to alter immune function and metabolism [2, 3] . Amylin is a 37-amino-acid peptide hormone that is co-secreted with insulin from pancreatic beta cells [4] . The physiological effects of amylin receptor agonism include decreased food intake [4] and reduction of postprandial glucagon release in a glucose-dependent manner [5] . Moreover, it has been proposed that a combination of amylin and leptin may be more effective than leptin or amylin alone for treatment of obesity in both animals [2] and humans [5] . Adiponectin, the most abundant adipokine in circulation, is synthesised and secreted by adipose tissue [6] . Adiponectin has insulin-sensitising and anti-inflammatory properties [6, 7] . It has been shown that mice deficient for adiponectin develop insulin resistance and glucose intolerance when fed a high-fat diet [7] . Conversely, adiponectin replenishment can reduce body weight, improve glucose/lipid homeostasis and increase insulin sensitivity [7, 8] .
The hippocampus is one of two brain regions where adult neurogenesis persists throughout life [9] . Neurogenesis is regulated by physiological and pathological events and modulated by pharmacological manipulations at any of three primary stages-cell proliferation, differentiation and survival [9, 10] . Neurogenesis in the hippocampus has been found to be negatively influenced by stress and is suppressed in various animal models of depression [10] . Conversely, new neuron generation in the hippocampus is stimulated by treatment with antidepressants [11] . Also, neurotrophins, growth factors and cytokines have been shown to be capable of modulating neurogenesis of the hippocampus [12, 13] .
Recent findings demonstrate that leptin facilitates spatial learning and memory [14] [15] [16] and produces antidepressantlike effects [17] [18] [19] [20] [21] [22] . Amylin has a beneficial effect on the CNS to alter physiological responses to feeding [23] . It has been demonstrated that amylin induces neurotoxicity in embryonic rat hippocampal primary cultures in vitro and this may drive the prominent neurite degeneration in Alzheimer's disease [24] . By contrast, central administration of amylin resulted in impaired memory retention in mice given strong training but had no effect on the retention of mice given weak training [25] , suggesting that the mechanisms of action by which amylin alters memory processing in the hippocampus are different for peripheral and central administration. Adiponectin has been proposed to exert multiple regulatory functions primarily through action on the CNS [26] . Also, it has been suggested that adiponectin and other insulin-sensitising hormones may regulate brain function, particularly in relation to processes associated with memory and cognition [27] . It has also been demonstrated that type 2 diabetes is associated with cognitive dysfunction and hippocampus volume; mean hippocampus volume was lower in individuals who had low adiponectin levels compared with individuals who had normal adiponectin levels [28] . Recent studies have indicated that there is an association between hippocampal volume and serum adiponectin levels in patients with type 2 diabetes [28, 29] .
Whether leptin regulates hippocampal neurogenesis and whether it activates relevant signalling pathways in hippocampal neuronal (HN) cells remains unknown. Also, direct evidence that amylin or adiponectin contribute to the regulation of hippocampal neurogenesis has not yet been published and no previous study has evaluated amylin or adiponectin signalling in HN cells or investigated how amylin or adiponectin interact with leptin to alter signalling in HN cells. In this study, we investigated the effect of leptin, amylin and adiponectin alone or in combination on cell proliferation and differentiation in mouse H19-7 HN cells. We also characterised the possible signalling mechanisms by which leptin, amylin or adiponectin exert their effects on hippocampal neurogenesis in the mouse H19-7 HN cells.
Methods
Materials Leptin (human, recombinant) was purchased from ProSpecBio (East Brunswick, NJ, USA). Amylin (human, recombinant) was purchased from Phoenix Pharmaceuticals (Burlingame, CA, USA). Adiponectin (human, recombinant) was purchased from R&D Systems (Minneapolis, MN, USA). All primary and secondary antibodies were purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). The small interfering RNA (siRNA) and scrambled siRNA (ssiRNA) were purchased from Santa Cruz Biotech.
Cell culture The mouse H19-7 HN cell lines were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were grown in DMEM (Life Technologies, Grand Island, NY, USA) with 10% (vol./vol.) fetal bovine serum. All cells were incubated at 37°C in an atmosphere of 5% CO 2 in air, and sub-cultured beyond 80% confluency. The experiments were performed after serum starvation overnight.
Proliferation assay Cell proliferation assay was performed using the MTT proliferation kit (Sigma-Aldrich, St Louis, MO, USA) according to the supplier's instructions.
Western blotting Western blotting was performed as previously described [30] .
Measurement of signal intensity on nitrocellulose membranes after western blotting with various antibodies was performed using Image J (version 1.46) processing and analysis software (http://rsb.info.nih.gov/ij/, accessed 25 August 2011).
Introduction of siRNA Introduction of siRNA was performed as previously described [30] .
Immunocytochemistry Cells were fixed with 0.4% p-formaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS; Sigma-Aldrich), pH7.4, for 30 min. After permeabilisation with 0.1% (vol./vol.) Triton X-100 (Sigma-Aldrich), cells For the nuclear staining, 0.06% 4,6-diamidino-2-phenylindole (Sigma-Aldrich) was used. After immunostaining, images were collected using an EVOS fluorescence microscope (Advanced Microscopy Group, Bothell, WA, USA). Five to six fields per well were chosen at random and only non-clustered neurons were evaluated to ensure the precision of the measurements. The images were taken at ×40 magnification.
Statistical analysis All signalling data were analysed using Student's t test and/or one-way ANOVA followed by posthoc tests (Bonferroni correction for multiple comparisons). All analyses were performed using SPSS version 11.5 (SPSS, Chicago, IL, USA) and Stata version 11.1 (Stata, College Station, TX, USA).
Results
Regulation of cell proliferation by leptin, amylin and adiponectin alone in mouse H19-7 HN cell lines Low physiological concentrations of leptin (0.1-5 ng/ml) had no effect on cell proliferation when compared with control in mouse H19-7 HN cell lines (Fig. 1a) . By contrast, we observed that cell proliferation was increased by ∼20-40% at 10-100 ng/ml of leptin when compared with control in mouse H19-7 HN cell lines. Treatment with amylin in physiological concentrations (0.1-10 ng/ml) had no effect on cell proliferation in mouse H19-7 HN cell lines (Fig. 1b) but high physiological/pharmacological concentrations of amylin (50-100 ng/ml) decreased cell proliferation by ∼30% when compared with control. Finally, we observed that cell proliferation was not regulated by adiponectin administration in mouse H19-7 HN cell lines (Fig. 1c) .
Regulation of cell proliferation by leptin, amylin and adiponectin in combination in mouse H19-7 HN cell lines Based on the data shown in Fig. 1 , we chose two concentrations of leptin, 10 and 50 ng/ml, and checked whether amylin-decreased cell proliferation in mouse H19-7 HN cell lines was diminished by leptin administration. We observed that leptinstimulated cell proliferation was not altered by physiological concentrations of amylin (Fig. 2a) . By contrast, cell proliferation that had been decreased by high physiological/pharmacological concentrations of amylin was attenuated by leptin administration (Fig. 2a) . Also, we observed that leptin-increased cell proliferation was not altered by coadministration of adiponectin (Fig. 2b) . Finally, we observed that amylin-decreased cell proliferation was not regulated by co-administration of adiponectin (Fig. 2c) .
Activation of signal transducer and activator of transcription 3 signalling by leptin and amylin alone or in combination in mouse H19-7 HN cell lines Since adiponectin has no effect on leptin-or amylin-regulated cell proliferation (Figs 1, 2), we decided to focus on leptin and amylin signalling in mouse H19-7 HN cell lines. We observed that amylin decreased activation of signal transducer and activator of transcription 3 (STAT3) in mouse H19-7 HN cell lines in a dosedependent manner (Fig. 3a) . By contrast, STAT3 signalling was increased by leptin administration (Fig. 3a) . Also, we observed that amylin-decreased STAT3 activation was attenuated by co-administration of leptin in mouse H19-7 HN cell lines (Fig. 3a) . Based on this result, we chose a representative concentration of leptin (50 ng/ml) and amylin (50 ng/ml) to determine whether a protective effect of leptin on amylin-decreased STAT3 activation is specific in mouse H19-7 HN cell lines. We observed that pre-treating the cells with specific STAT3 inhibitor, AG490, blocked leptin+ amylin-regulated STAT3 activation (Fig. 3b) . Also, we confirmed that leptin-, amylin-and leptin+amylin-activated STAT3 signalling was blocked by administration of STAT3 siRNA (Fig. 3c ). Similar to the results shown in Fig. 1 , we observed that leptin, but not amylin, increased cell proliferation in mouse H19-7 HN cell lines (Fig. 3d) . By contrast, leptin-and/or amylin-regulated cell proliferation is altered by pre-treatment with AG490 (Fig. 3d) . Similarly, leptin-, amylin-and/or leptin+amylin-regulated cell proliferation is also diminished by AG490 administration (Fig. 3d) . To confirm these results, we administered STAT3 siRNA and checked whether leptin-, amylin-or leptin+amylin-regulated cell proliferation was mediated by STAT3 signalling in mouse H19-7 HN cell lines (Fig. 3e) . As expected, leptin-, amylinand leptin+amylin-regulated cell proliferation was blocked by STAT3 siRNA administration. Moreover, these effects were specific since leptin+amylin-regulated cell proliferation was not changed by ssiRNA administration when compared with control ( Fig. 3e) , suggesting that leptin-and amylin-regulated cell proliferation is mediated by the STAT3 signalling pathway in mouse H19-7 HN cell lines.
Activation of AMPK and ERK signalling by leptin and amylin alone or in combination in mouse H19-7 HN cell lines We observed that amylin decreased AMP-activated protein kinase (AMPK) (electronic supplementary material [ESM] Fig. 1 ) and extracellular signal-regulated kinase (ERK) (ESM Fig. 2 ) activation in mouse H19-7 HN cell lines in a dose-dependent manner. By contrast, AMPK and ERK signalling was increased by leptin administration (ESM Figs 1, 2) . Also, we observed that amylin-decreased AMPK and ERK activation was attenuated by coadministration of leptin in mouse H19-7 HN cells (ESM Figs 1, 2 ), suggesting that in this cell line leptin-and amylinregulated cell proliferation is mediated by the AMPK and ERK signalling pathway.
Regulation of neurite outgrowth and synaptogenesis by leptin and amylin alone or in combination in mouse H19-7 HN cell lines To determine whether leptin and amylin have a direct role in differentiation, cultured mouse H19-7 HN cell lines were incubated with leptin and amylin alone or in combination. We then performed immunocytochemical and western blotting analysis, and measured microtubuleassociated protein 2 (MAP2), a specific neurite outgrowth marker, and synapsin, a specific synaptogenesis marker. We observed that a considerable amount of MAP2 and synapsin in leptin-treated cells was detected when compared with control ( Fig. 4 a, b) . By contrast, amylin decreased the levels of MAP2 and synapsin (Fig. 4 a, b) . Also, we observed that the amylin-decreased production of MAP2 and synapsin was attenuated by co-administration of leptin (Fig. 4 a, b) . Next, we administered STAT3 siRNA and checked whether leptin-or amylin-regulated neurite outgrowth and synaptogenesis were mediated by STAT3 signalling in mouse H19-7 HN cell lines. We observed that leptin-, amylin-and leptin+amylin-regulated production of MAP2 and synapsin was blocked by STAT3 siRNA administration (Fig. 4a, b ).
Discussion
The hippocampus has an important role in the brain function of humans and other vertebrates [9] . It belongs to the limbic system and plays an important part in the processing of information from short-term memory to long-term memory and spatial navigation [10] [11] [12] . In Alzheimer's disease, the hippocampus is one of the first regions of the brain to suffer damage; memory problems and disorientation appear among initial symptoms [24, 31] . It has been shown that leptin facilitates spatial learning and memory [14] [15] [16] and that it produces antidepressant-like effects [17] [18] [19] [20] [21] [22] . It has also been proposed that high levels of leptin are associated with lower rates of dementia and Alzheimer's disease [31] . Amylin acts at the level of the CNS to produce anorectic effects, alter physiological responses to feeding (and possibly thirst and drinking behaviour) [23] and drive the neurite degeneration in Alzheimer's disease [24] . Adiponectin has been proposed to exert multiple regulatory functions primarily through action on the CNS [26] . Adiponectin receptors are widely expressed in the brain, including the hippocampus, suggesting that adiponectin and/or other insulin-sensitising hormones may regulate brain function, particularly in processes related to memory and cognition [27] . It has also been shown that blood levels of adiponectin are reduced in individuals with primary cognitive disorders such as Alzheimer's disease and mild cognitive impairment. [32] . By contrast, the direct role of has not yet been elucidated. In this study, we observed that leptin has a protective effect on amylin-decreased neurite outgrowth and synaptogenesis in mouse H19-7 HN cell lines. We observed that leptin, but not amylin, stimulates hippocampal neurogenesis mainly through increased cell proliferation and differentiation in mouse H19-7 HN cell lines. Also, leptin and amylin signalling recruited STAT3/AMPK/ERK pathways, and inhibition of these signal transduction pathways led to the attenuation of the actions of leptin and amylin on proliferation and differentiation of mouse H19-7 HN cell lines, suggesting that a mechanism dependent on STAT3/AMPK/ERK activation mediates the actions of leptin and amylin on mouse hippocampal neurogenesis. We have also demonstrated that treatment of mouse H19-7 HN cells with adiponectin in physiological and pharmacological concentrations did not regulate cell proliferation.
Leptin has been implicated in several physiological processes involving the CNS in general and more specifically the hippocampus [33] . Also, it has been proposed that leptin increases adult hippocampal neurogenesis in vitro mainly by increasing cell proliferation [33, 34] . In agreement with these earlier observations, we observed herein that leptin increases cell proliferation in a dose-dependent manner. We have previously reported that treatment with leptin increases cell proliferation in mouse GT1-7 hypothalamic cell lines and that this effect is further increased by co-administration of amylin [35] . Hence, we speculated that amylin may have an additive or synergistic effect on leptin-increased cell proliferation in mouse H19-7 HN cell lines. However, we found that treatment with amylin decreases cell proliferation, indicating that pharmacological concentrations of amylin may have a neurotoxic effect in mouse H19-7 HN cell lines. By contrast, we observed that amylin-decreased cell proliferation is attenuated by coadministration of leptin, suggesting that leptin may have a protective effect on amylin-induced downregulation of hippocampal neurogenesis in mouse H19-7 HN cell lines. The cells were transfected with ssiRNA or siRNA of STAT3 and then treated with leptin (50 ng/ml), amylin (50 ng/ml) or leptin+amylin for 5 days. Immunocytochemical analysis was carried out as described in the Methods. Green, MAP2; red, synapsin; blue, nucleus. All pictures were ×40 magnification. (Scale bar 100 μm) Western blotting was performed as described in the Methods. The primary antibodies used were mouse monoclonal MAP2, goat polyclonal synapsin and mouse monoclonal β-actin. Secondary antibodies used were horseradish peroxidase-conjugated anti-mouse and anti-goat antibodies. All data were analysed using one-way ANOVA followed by the post-hoc test for multiple comparisons. Values are means±SD (n03). Means with different letters are significantly different (p<0.05), whereas means with the same letters are not different from each other. A, amylin; C, non-treated control; L, leptin It has been proposed that co-administration of leptin and amylin in mice in vivo results in a multiplicative effect on STAT3 phosphorylation in the hypothalamus as compared with treatment with either of the hormones separately [36] . Also, we have demonstrated for the first time that leptin and amylin increase STAT3/AMPK/ERK signalling and that the effects of these two hormones are similar in magnitude, peaking at about the same time in mouse GT1-7 hypothalamic and C 2 C 12 muscle cell lines in vitro [35] and in human adipose tissues and peripheral blood mononuclear cells ex vivo [30] . Moreover, it has been proposed that STAT3/AMPK/ERK signalling is important for the maintenance of neural development [37] [38] [39] [40] . Based on these results, we checked whether leptin may interact with amylin and whether administration of amylin and leptin in combination could further increase leptinstimulated STAT3/AMPK/ERK signalling in mouse HT19-7 HN cells. Consistent with our previous human and mouse studies demonstrating that leptin-treated cells tend to have a greater number of cells positive for phosphorylated STAT3/ AMPK/ERK than controls [30, 35] , we observed herein that leptin increases STAT3/AMPK/ERK signalling in mouse HT19-7 HN cells. Unlike our previous mouse in vitro [35] and human ex vivo and in vitro studies [30] , we found that amylin decreases STAT3/AMPK/ERK activation in mouse HT19-7 HN cells. By contrast, these effects were attenuated by co-administration of leptin, suggesting that leptin may have a protective effect by attenuating amylin-induced downregulation of STAT3/AMPK/ERK activation in mouse HT19-7 HN cells. Since STAT3 is a prototype signalling molecule downstream of the leptin receptor, which regulates food intake and body weight primarily in the hypothalamus [41] [42] [43] , we next assessed whether leptin-and amylin-regulated cell proliferation is mediated by STAT3 signalling. We observed that depletion of STAT3 activation by a STAT3 inhibitor or by STAT3 siRNA administration blocked the effect of leptin on amylin-induced downregulation of STAT3 activation. Also, leptin-and amylinregulated cell proliferation was abolished by both STAT3 inhibitor and STAT3 siRNA administration, suggesting that leptin-and amylin-regulated cell proliferation in HT19-7 HN cells is mediated by STAT3 signalling.
We assessed whether amylin could interact with leptin in mouse HN development such as cell differentiation. We observed that leptin increased levels of both MAP2, a specific neurite outgrowth marker, and synapsin, a specific synaptogenesis marker. By contrast, amylin decreased the levels of MAP2 and synapsin and these effects were attenuated by coadministration of leptin. Activation of STAT3 has been reported to be associated with stimulated hippocampal neurogenesis [37] and is required for the neurotrophic effects of ciliary neurotrophic factor and leukaemia inhibitory factor on developing sensory neurons [38] . Based on these reports, we next assessed whether the protective effect of leptin on amylin-decreased cell differentiation was mediated by STAT3 signalling. We observed that the alteration in levels of MAP2 and synapsin by leptin and amylin alone or in combination was blocked by administration of STAT3 siRNA, suggesting that the protective effect of leptin on amylin-decreased neurite outgrowth and synaptogenesis in mouse H19-7 HN cell lines is mediated by STAT3 activation.
Overall, we have demonstrated that treatment of H19-7 HN cells with adiponectin in physiological and pharmacological concentrations did not regulate cell proliferation. We have also demonstrated herein that leptin increases mouse H19-7 HN cell proliferation and differentiation. Also, we observed that amylin may have a neurotoxic effect in mouse H19-7 HN cell lines. This is consistent with an earlier paper suggesting that full-length human amylin resulted in prominent toxicity in rat primary HN cells [24] . Also, it has been shown that, in contrast to full-length amylin, which promotes self-assembly and aggregation, various amylin peptide fragments (including amino acid residues 20-29) were non-toxic at similar concentrations in rat primary hippocampal cultures, suggesting that secondary structure may play a predominant role in human amylin neurotoxicity [24] . Hence, further work needs to be done using various amylin peptide fragments not only in hippocampal cells but also in hypothalamic cells. Moreover, we demonstrated for the first time that leptin has a protective effect on amylin-induced downregulation of hippocampal neurogenesis via the STAT3/AMPK/ERK signalling pathway in mouse H19-7 HN cell lines. Since the actions of leptin and amylin in vitro may differ from their actions in vivo, future work is needed to determine whether similar signalling mechanisms operate in vivo and whether hippocampal neurogenesis mediates the actions of leptin and/or amylin on hippocampal-related processing such as learning, memory and emotional responses. Limitations of this study include the fact that, although we studied the signalling pathways that are considered to be the primary targets of leptin and amylin in hippocamapal cells, we did not look at all possible signalling pathways. Thus, further work needs to be done in the future. Despite these limitations, our initial mechanistic data suggest a novel role for leptin and amylin in the processes of mouse hippocampal neurogenesis, providing new insights into the mechanisms of neurogenic regulation. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
